Cathodic arc evaporation / Unbalanced magnetron sputtering / High power impulse magnetron sputtering / X-ray diffraction / Transmission electron microscopy / Ab initio calculations Abstract. A combination of microstructure analysis and ab initio calculations helped us to describe the interplay between the microstructure of Cr--Al--Si--N thin film nanocomposites and the ordering of the magnetic moments in the chromium-rich phase of (Cr,Al)N. The microstructure of the Cr--Al--Si--N nanocomposites was modified through the degree of ionisation of the deposited species in three physical vapour deposition processes -cathodic arc evaporation, unbalanced magnetron sputtering and high power impulse magnetron sputtering. According to the results of the ab initio calculations, the magnetic ordering was concluded from the expansion of the elementary cell and from the change of the crystal anisotropy of the elastic constants of (Cr,Al)N; these microstructure features were obtained from X-ray diffraction experiments. The microstructure of the Cr--Al--Si--N nanocomposites was furthermore characterised using the combination of X-ray diffraction and transmission electron microscopy with high resolution in order to obtain information about the phase composition of the thin films, distribution of individual elements and the crystallite size.
Introduction
Chromium nitride containing aluminium and/or silicon is a very relevant material from the point of view of technical applications. One of the important application fields of (Cr,Al,Si)N is the production of thin film nanocomposites for protection of tools used for punching of perforated sheets [1] , forming dies [2] , high end spindle bearings [3] and moulds. The benefit of the Cr--Al--Si--N thin film nanocomposites is their high hardness [4] [5] [6] [7] [8] [9] and a good corrosion resistance [8, 10, 11] . The formation of Cr--Al--Si--N nanocomposites is facilitated by a limited solubility of aluminium and silicon in the elementary cell of CrN, which leads to the phase segregation and to the coexistence of Cr 1ÀxÀy Al x Si y N, AlN and silicon nitride in the nanocomposites. Usually in the thin film nanocomposites, Cr 1ÀxÀy Al x Si y N is present in the face centred cubic (fcc) modification with the NaCl crystal structure, AlN in its thermodynamically stable wurtzite form (w-AlN) and silicon nitride as amorphous compound. Several microstructure models describing the formation of the Cr--Al--Si--N thin film nanocomposites were published in [4] [5] [6] [12] [13] [14] . As the limited solubility of Al and Si in CrN plays a key role in the formation of the nanocomposites, also the maximum amount of Al and Si that can be accommodated in the elementary cell of fcc-CrN was the subject of many studies [5, [15] [16] [17] [18] [19] [20] [21] .
An appropriate experimental tool for the analysis of the phase composition in the Cr--Al--Si--N thin film nanocomposites is the combination of the standard phase analysis (i.e. the analysis of X-ray diffraction (XRD) patterns regarding the absence or presence of the diffraction lines from w-AlN) with the assessment of the lattice parameters of the fcc phase [5, 6] . The latter approach assumes that, within the solubility range of both elements, the lattice parameter of fcc-Cr 1ÀxÀy Al x Si y N is a linear function of the aluminium and silicon contents in the thin film, aðfcc-Cr 1ÀxÀy Al x Si y NÞ ¼ aðCrNÞ À Da Al Á ½Al þ Da Si Á ½Si. Departure of the measured lattice parameter from this Vegard-like dependence is interpreted as decomposition of fcc-Cr 1ÀxÀy Al x Si y N into Cr-rich fcc-Cr 1ÀxÀy Al x Si y N, AlN and silicon nitride that is the origin of the formation of the Cr--Al--Si--N thin film nanocomposites.
Typical difficulties of the precise determination of the lattice parameters in fcc-Cr 1ÀxÀy Al x Si y N arise from the presence of residual stresses in the thin films and from the strong crystallographic anisotropy of the elastic constants in fcc-Cr 1ÀxÀy Al x Si y N [5] . Furthermore, the comparison of results from literature suggests that the lattice parameter of fcc-Cr 1ÀxÀy Al x Si y N is affected by the deposition technique [6, 18, 20] . A possible reason for these inconsistencies is a different degree of the antiferromagnetic ordering of the magnetic moments of chromium, which was shown to be responsible for the inflation of the elementary cell of CrN [18, [22] [23] [24] [25] [26] [27] .
The magnetic structure of CrN was described for the first time by Corliss et al. [28] to consist of alternating double sheets with different orientations of the magnetic moments of Cr. Within individual sheets, the magnetic moments of Cr are ordered ferromagnetically. Adjacent sheets couple antiferromagnetically. The magnetic ordering in CrN is accompanied by a structure transition from the fcc structure with the space group Fm3m in the paramagnetic state to the orthorhombic one with the space group Pmmn in the antiferromagnetic state [29] . In the orthorhombic cell, the magnetic moments of Cr order ferromagnetically within the (110) lattice planes [24, 25, 28] . In the cubic structure, chromium occupies the Wyckoff positions 4a (0, 0, 0), nitrogen the Wyckoff positions 4b ( , which indicates a pseudo-cubic structure. In comparison with the non-magnetic fcc structure, the volume of the orthorhombic elementary cell of the antiferromagnetic CrN is two times smaller. The orthorhombic cell is rotated 45 around its b axis with respect to the fcc one. Thus, the lattice planes (110) in the orthorhombic structure correspond to the lattice planes (111) in the fcc structure. Additional structural consequences of the magnetic ordering are slight lattice distortion (a 6 ¼ c, see above) and atomic displacement [28] . However as a ffiffi ffi 2 p % b % c ffiffi ffi 2 p , the orthorhombic structure is expected to appear pseudo-cubic for XRD particularly in case of nanocrystalline materials with severely broadened diffraction lines.
In this contribution, we compare the real structure and microstructure of Cr--Al--Si--N thin film nanocomposites, which were deposited by using cathodic arc evaporation (CAE) [30] , unbalanced magnetron (UBM) sputtering and high power impulse magnetron sputtering (HIPIMS) [31] . These deposition methods were selected because they offer different degrees of the ionisation of the deposited species [32] and therefore different impact of the species on the real structure and microstructure of the Cr--Al--Si--N thin film nanocomposites, which is expected to affect the magnetic ordering in chromium nitride. The following microstructure features and parameters were considered to be influenced by the magnetic ordering or to have effect on the magnetic ordering: size of the elementary cell, crystal anisotropy of the elastic constants, phase composition, local distribution of the elements over the phases, crystallite size and formation of clusters of nanocrystallites [33, 34] . The microstructure analysis was carried out using XRD and transmission electron microscopy (TEM). Experimental results were interpreted with the aid of ab initio calculations.
Experimental details
Four series of chromium nitride thin films containing aluminium and silicon were deposited using CAE, UBM sputtering and HIPIMS. The vacuum system p-80 from PLATIT [30] equipped with two laterally rotating arc cathodes was employed for the cathodic arc evaporation. The UBM sputtering and HIPIMS were run in a CMS-18 vacuum system from Kurt J. Lesker utilizing two planar unbalanced magnetrons with two circular cathodes [35] . In order to be able to compare the microstructure of the thin film nanocomposites deposited using different deposition techniques, the parameters of the deposition processes were kept the same whenever possible and reasonable. Mirror-polished plates of cemented carbides containing hexagonal WC as the main component were used as substrates for all three deposition methods. All deposition runs were performed from two cathodes. One cathode consisted always of pure chromium, the other one of aluminium with the addition of 11 at% Si. The only exception was one sample series of Cr--Al--N thin films, which was deposited using CAE from one chromium cathode and one cathode containing pure aluminium.
In the CAE process, the chemical composition of the thin films was adjusted through the positions of the samples in the deposition apparatus [5, 13] . The arc current on the Cr cathode was 80 A, the arc current on the Al--Si and Al cathodes 120 A. In the UBM and HIPIMS processes, the [Cr]/([Al] þ [Si]) ratio was controlled by the power applied to the respective cathode. In the HIPIMS runs, only Cr cathode was operated in the HIPIMS mode. The Al--Si cathode was run in the UBM mode. As the high power impulses that are applied in the HIPIMS mode increase the amount of the ions in the deposition process, the increasing chromium content in the HIPIMS thin films is connected with a higher amount of ions in the deposition apparatus. The increasing amount of ions simulates a continuous transition between the UBM sputtering and CAE. For the sake of comparability of the CAE, UBM and HIPIMS processes, the bias voltage was kept at À75 V in all deposition runs. Because of the nature of the respective deposition process, slightly different working atmospheres must be used. CAE was performed in nitrogen atmosphere at a working pressure of 1.3 Pa, UBM and HIPIMS in mixed argon and nitrogen atmosphere at a total pressure of 0.36 Pa and at a nitrogen partial pressure of 0.16 Pa. The deposition temperatures were only slightly different among the deposition processes. They reached 450 C for CAE and 400 C for UBM and HIPIMS. Thickness of the CAE thin films varied between 3.5 and 8 mm [6] . This relatively broad distribution was a consequence of the CAE deposition of the Cr--Al--N and Cr--Al--Si--N thin films in just two deposition runs. Different distances of the samples from the respective cathode, which were primarily used to adjust the chemical composition of the thin films [5, 13] , affected also the deposition rate and consequently the thickness of the thin films when keeping the deposition time constant. Thickness of the UBM and HIPIMS thin films ranged between 4 and 5 mm only. As mentioned above, the chemical composition of these thin films was controlled by the power applied to the respective cathode. Therefore, the individual UBM and HIPIMS thin films had to be deposited in separated deposition runs, for which different deposition times could be chosen to arrive at approximately same thickness.
The Cr--Al--Si--N thin film nanocomposites were analysed by using glow discharge optical emission spectroscopy (GDOES), electron probe microanalysis with wavelength-dispersive X-ray spectroscopy (EPMA/WDS), glancing angle X-ray diffraction (GAXRD) and transmission electron microscopy with high resolution (HRTEM). GDOES and EPMA/WDS revealed the chemical composition of the nanocomposites, which was used to assess the results of the real structure and microstructure analysis carried out with the aid of GAXRD and HRTEM. GAXRD experiments were performed on a D8 diffractometer (Bruker AXS) that was equipped with a sealed X-ray tube with copper anode and a parabolic Goebel mirror in the primary beam. The primary beam arrived on the sample surface at the incidence angle of 3 . The diffracted beam was directed to a flat LiF monochromator, which reduced the K a2 =K a1 intensity ratio to 0.08, and to a Soller collimator with the acceptance of 0.12 before it arrived in a scintillation detector. The K a2 =K a1 intensity ratio was proven on a corundum plate from NIST, which was also used as a standard for the instrumental line broadening. Measured diffraction lines were fitted using the Pearson VII functions in order to obtain the line positions and the line broadening.
The GAXRD geometry helped primarily to reduce the penetration of X-rays into the substrate and to "intensify" the diffraction signal from the thin films. Depending on the chemical composition of the thin films, the penetration depth of the CuK a radiation varied between approximately 1 mm for Cr-rich and 6 mm for Al-rich thin films. Furthermore, when keeping the angle of incidence constant, the diffraction vector tilts as the detector scans the measured range of the diffraction angles. The tilting of the diffraction vector from the sample surface perpendicular direction depends easily on the angle of incidence g and on the diffraction angle 2q:
HRTEM was done on selected samples using a 200 kV analytical high-resolution TEM JEM 2010 FEF from JEOL that is equipped with ultra-high-resolution objective lens (C s ¼ 0.5 mm) and an in-column energy filter, which selects only elastically scattered electrons for the HRTEM image formation. The samples for HRTEM were prepared in plan-view orientation. They were mechanically prethinned, etched by ion beam and finally plasma cleaned.
Ab initio calculations
The real structure and microstructure analyses were complemented by ab initio calculations in order to elucidate the effect of the magnetic ordering in (Cr,Al)N on the lattice parameters and elastic constants. The lattice parameters were obtained from the size of the elementary cell that possesses the minimum total energy for the respective Al content. For each Al concentration, a series of ab initio calculations was performed with different atomic positions and with different orientations of the magnetic moments of chromium by using the Broyden-Fletcher-GoldfarbShanno algorithm that conserves the crystal symmetry during relaxation. The full set of the elastic constants was calculated from the second derivative of the total energy with the aid of the stress-strain approach [36] . For all calculations, the exchange-correlation density functional was applied as based on the generalized gradient approximation (GGA) according to Perdew et al. [37] and implemented in the plane augmented wave (PAW) framework of the abinit set of codes [38] . The plane wave basis set was determined by an energy cutoff of 550 eV. For the Brillouin zone integration, a Monkhorst-Pack k-point grid with a Gaussian energy broadening of 0.1 eV has been used. The force convergence criterion was set to be 10 À5 Hartree/Bohr; an electronic degrees of freedom have been converged to better than 10 À8 Hartree. The lattice parameters and the elastic constants were calculated both for cubic and orthorhombic Cr 1Àx Al x N. Supercells build from 2 Â 2 Â 1 and 2 Â 2 Â 2 original unit cells (for the cubic and orthorhombic crystal symmetry, respectively) were used to approach a random distribution of the aluminium atoms in the elementary cell of Cr 1Àx Al x N. In agreement with previous theoretical studies [15, 18, 20, 28] , the magnetic ordering of the magnetic moments of chromium in antiferromagnetic orthorhombic CrN was found to be stabilised by a ferromagnetic coupling within double layers lying parallel with the (110) lattice planes and by an antiferromagnetic coupling to the next double layer having an opposite orientation of the magnetic moments.
The main driving force of the transition from the cubic to the orthorhombic crystal structure is the hydrostatic expansion of the volume of the elementary cell, which occurs during the transition from the non-magnetic to the magnetic state. For this effect, a spin polarisation is responsible, which is related mainly to the charge localization of the Cr 3d-t 2g states [25] and produces compressive magnetic stress. The magnetic stress leads finally to an increase of the lattice parameter. Thus, a smaller elementary cell corresponds to the non-magnetic case, a larger elementary cell to the antiferromagnetic case. Because a competition between different magnetic orderings was expected, several antiferromagnetic orderings and even one ferromagnetic ordering have been investigated [25] . However, the antiferromagnetic orderings possessed always a lower energy than the ferromagnetic one.
The antiferromagnetic exchange pathways include the Cr--N--Cr interaction, which allows for antiferromagnetic super-exchange and ferromagnetic double-exchange mechanisms, and a direct Cr--Cr exchange between filled t 2g orbitals resulting usually in antiferromagnetic coupling [25, 39] . The most important contribution to the magnetic ordering comes from a direct antiferromagnetic Cr--Cr interaction. Smaller Cr--Cr distances would enhance the orbital overlap between the Cr-t 2g states and hence benefit the antiferromagnetic coupling. As already shown by Filippetti et al. [25] , the transition to the orthorhombic structure and the expansion of the elementary cell are driven Nanocrystallites on the microstructure of Cr--Al--Si--N nanocomposites by the relief of the tensile stress stored in the antiferromagnetic direct Cr--Cr interaction due to the interaction of the t 2g orbitals.
Results

Effect of Al and Si content on the phase
composition of the Cr--Al--Si--N thin films
Chemical compositions of individual samples as obtained from the EPMA/WDS analysis are given in Table 1 . GAXRD measurements revealed that the Cr--Al--Si--N thin films consist of one crystalline phase based on fccCrN up to the chromium contents 
) is larger than approximately 0.75, which is in a good agreement with the result of Makino [17] .
As the fcc phase dominates in the two thin films with higher Al and Si concentrations shown in Fig. 1 , the diffraction lines from w-AlN are quite weak, partly overlapped by the substrate reflections and/or diffuse in their form. Thus, the phase identification solely from the diffraction patterns is awkward. As an auxiliary method for the identification of the phase separation, the dependence of the stress-free lattice parameters on the overall chemical composition of the thin films (Table 1) was employed as described in Section 4.3.
Crystal anisotropy of the lattice deformation
A very simple and straightforward technique for determination of the stress-free lattice parameters is the sin 2 w method [40] . It describes the crystal lattice deformation as a function of the angle between the diffracting lattice planes and the sample surface (w) assuming an bi-axial residual stress state in the thin films, i.e., zero residual stress perpendicular to the surface of the film. Furthermore, in contrast to the sin 2 w À sin ð2wÞ method [41] , the sin 2 w method assumes that the (in-plane) shear components of the residual stress are zero as well. Under these assumptions and for cubic materials, the sin 2 w method can be formulated as a linear dependence of the lattice parameters on sin 2 w [42]:
In Eq. (2), a hkl w is the lattice parameter measured for the lattice plane (hkl) at the inclination w of the diffraction vector from the sample surface perpendicular direction. s Table 1 . Chemical compositions of the Cr--Al--Si--N thin films nanocomposites under study that were deposited using cathodic arc evaporation (CAE), unbalanced magnetron (UBM) sputtering and high power impulse magnetron sputtering (HIPIMS). In order to be able to describe the anisotropy of the lattice parameters quantitatively, the X-ray elastic constants,
were substituted by linear functions of the cubic invariant
as suggested by Vook and Witt in [43] . The substitution of s (2) yielded the following dependence of the measured lattice parameters on sin 2 w and on the crystallographic direction (G):
The fit of the experimental data by the function from Eq. (5) is illustrated on some examples in Fig. 2 . The result of the fitting was the following set of parameters for each sample under study: Still, the parameters A 2 a 0 s, B 2 a 0 s, 2B 1 a 0 s and a 0 ð2A 1 s þ 1Þ can be used to correct the crystal anisotropy of the lattice parameters. The subtraction of the G-dependent part from the measured lattice parameter yields the lattice parameters that corresponds to the (h00) [40, 44] , XECs take the form:
Comparison of the Eqs. (3) and (7) implies the following relationship between the coefficients A 1 , B 1 , A 2 , B 2 and the single-crystalline elastic compliance constants of cubic materials, S 11 , S 12 and S 44 : as (see, e.g. [44] ):
The reciprocity of the stiffness matrix (C) and the compliance matrix (S) yields the following relationships between the cubic matrix elements:
Therefore, the anisotropy factor can be calculated from the elastic compliances and/or from the parameters 2a 0 sS 0 and a 0 sðS 11 À S 12 Þ that were obtained from fitting the measured lattice parameters with the function from Eq. (9):
Note that according to Eq. (9), the parameters describing the dependence of the lattice parameter on G sin 2 w and G are interrelated in the Reuss approximation. Thus, a difference between the parameters calculated from Eq. (5), i.e. À An analogous anisotropy factor can be defined for orthorhombic structures when averaging the partial orthorhombic anisotropy factors that refer to individual crystal axes:
Like for cubic structures, the individual orthorhombic anisotropy factors describe the ratios between the maximum and the minimum Young modulus. The dependence of the crystal anisotropy of the elastic constants on the chemical composition of the Cr--Al--Si--N thin films and on the deposition method is illustrated in Fig. 4 . The largest crystal anisotropy of the cubic elastic constants (as recognised from the largest departure of the anisotropy factor from A ¼ 1) was observed for the thin films with the lowest aluminium and silicon contents. With increasing aluminium and silicon contents, the degree of the crystal anisotropy decreased. The anisotropy of the elastic constants is opposite for CAE and UBM thin films. For the CAE thin films, it is S 0 S 11 À S 12 À 1 = 2 S 44 < 0; for the UBM thin films, S 0 is positive. In order to be able to compare the amount of the anisotropy of the elastic constants, the reciprocal values of the anisotropy factor are plotted for the UBM thin films in Fig. 4 as well (grey symbols and grey line).
In the HIPIMS Cr--Al--Si--N thin films, the most important factor influencing the crystal anisotropy of the fcc phase is the HIPIMS power, which directly influences the chromium content as described in Section "Experimental details". Consequently, the anisotropy factor of the HI-PIMS thin films with high chromium contents that were deposited at a high HIPIMS power approaches the anisotropy factor of the CAE thin films. The anisotropy factor steeply decreases in the HIPIMS thin films with lower Cr content, for which the HIPIMS power was reduced. In the HIPIMS Cr--Al--Si--N thin film with the highest Al and Si contents, the crystal anisotropy of the elastic constants nearly disappeared and the anisotropy factor approached unity (Fig. 4) .
Determination of the stress-free lattice
parameters in fcc-(Cr,Al,Si)N As discussed above, at least two X-ray elastic constants, for instance s must be known to be able to calculate the stress-free lattice parameters from the sin 2 w plot. Here, they were calculated from the single-crystal elastic constants according to Eq. (7). The elastic compliances were obtained from the ab initio calculations using the approach described above. Because of the development of the magnetic stress due to the charge localization of the Cr 3d-t 2g states [25] and due to the antiferromagnetic coupling of double layers in the orthorhombic h110i direction (or in the pseudo-cubic h111i direction), the antiferromagnetic ordering influences strongly the elastic compliance constants, which are related to the shearing of the elementary cell. The largest difference was found between the elastic compliance constant S 44 of a non-magnetic cubic structure and the elastic constants S 44 ; S 55 and S 66 of a magnetic orthorhombic structure (see Table 2 ).
According to Eq. (12), the change of the cubic elastic constant S 44 influences directly the anisotropy factor and consequently the difference between the cubic lattice parameters a hkl w and a h00 w (cf. Figs. 2 and 3) . Moreover, S 44 is a measure of the shear deformation of the fcc elementary cell [44] . Therefore, a high S 44 means an easy lattice deformation in the h111i direction and a difficult lattice deformation in the h100i direction that was observed experimentally for all CAE Cr--Al--Si--N thin films and for the HIPIMS Cr--Al--Si--N thin films deposited at high HIPIMS powers (cf. Figs. 2-4) . Apparently, this consideration can be extended to the pseudo-cubic structures.
The reliability of the elastic constants obtained from the ab initio calculation for a non-magnetic cubic structure of CrN (Table 2 ) was proven on experimental data. In 2 w þ 2s hkl 1 was calculated using Eq. (7) for each diffraction line from the first set of S 11 ; S 12 and S 44 given in Table 2 . With exception of the lattice parameter a 200 , the anisotropy of the lattice deformation was described (and corrected) very well. The stress-free lattice parameter was equal to (4.1394 AE 0.0006) Å as calculated for Results of ab initio calculations ( Table 2 ) have shown that the cubic elastic constants S 11 ; S 12 and the orthorhombic elastic constants S 13 ; S 22 ; S 23 and S 33 depend much less on the aluminium contents and on the magnetic ordering than S 44 (S 55 and S 66 ). Therefore, the stress-free lattice parameters of the pseudo-cubic phase of (Cr,Al,Si)N were calculated from the dependence of a h00 w on sin 2 w, where the elastic anisotropy was corrected according to Eq. (6). It follows from Eqs. (2) and (3) that the "isotropic" cubic lattice parameters depends on sin 2 w like
which implies that a h00 w ¼ a 0 for sin 2 w ¼ 2n h00 =ðn h00 þ 1Þ. Thus, solely n h00 ¼ ÀS 12 =S 11 [cf. Eqs. (3) and (7)] is sufficient for calculation of the stress-free lattice parameter a 0 . The first set of the elastic constants S 11 and S 12 from Table 2 yielded n h00 ¼ 0:258 that agrees very well with the Poisson ratio given in [45] and [46] . Table 2 . Single-crystalline elastic constants calculated for non-magnetic (NM) and magnetic (M) structures of (Cr,Al)N. All data are given in 10 À14 Pa À1 . [cf. Eq. (15)]. The XECs and were calculated using Eq. (7) from the single-crystalline elastic constants S 11 , S 12 and S 44 that were obtained for non-magnetic fcc-CrN from the ab initio calculations (Table 2) . . Stress-free lattice parameters of the fcc phase in the Cr--Al--Si--N thin films deposited using UBM (triangles), HIPIMS (diamonds) and CAE (boxes), and the stress-free lattice parameters of the fcc phase in the CAE Cr--Al--N thin films (circles) shown for different chromium contents in the thin films. For CAE and UBM thin films, the solid lines represent the lattice parameters calculated according to Eqs. (15) and (16), respectively. The stress-free lattice parameters in the HIPIMS thin films were just interconnected by a broken line.
With respect to the weak dependence of the cubic elastic constants S 11 and S 12 on the Al and Si contents and on the magnetic ordering, the above Poisson ratio was used for calculation of the stress-free lattice parameters in all samples under study (Fig. 6) . For the CAE Cr--Al--Si--N thin films, the stress-free lattice parameter depends linearly on the Al and Si contents within the solubility range: 
For the UBM Cr--Al--Si--N thin films, the stress-free lattice parameter also decreases linearly with decreasing chromium contents. In analogy to Eq. (15), this dependence can be written as
Although the effects of the Al and Si content on the stress-free lattice parameter cannot be separated from each other directly using Eq. (16), the coefficients multiplying x in Eqs. (15) and (16), which are identical within the experimental accuracy, suggest that there is no incorporation of silicon into the fcc elementary cell in the UBM Cr--Al--Si--N thin films. However, in the UBM Cr--Al--Si--N thin films the whole dependence of the stress-free lattice parameter on the chemical composition is shifted to substantially higher values. According to the result of the ab initio calculation, this inflation of the elementary cell can be explained by the ordering of the magnetic moments of chromium. In the HIPIMS Cr--Al--Si--N thin films, the dependence of the stress-free lattice parameters on the chemical composition is mainly controlled by the HIPIMS power. At the highest chromium content, the HIPIMS Cr--Al--Si--N thin films behave like the CAE Cr--Al--Si--N thin films, because the high HIPIMS power and the high degree of the ionisation of the deposited species emulate the CAE process. With increasing Al and Si contents, the stress-free lattice parameter of the HIPIMS Cr--Al--Si--N thin films approaches the stress-free lattice parameters of the UBM Cr--Al--Si--N thin films. As Al and Si in the HIPIMS Cr--Al--Si--N thin films were sputtered in the UBM mode, the Al-and Si-rich HIPIMS thin films are deposited at a low amount of ionisation of the deposited species.
Interrelationship between the deposition mode
and the microstructure of Cr--Al--Si--N thin films
In the previous section, it was deduced from the dependence of the stress-free lattice parameter on the chemical composition of the Cr--Al--Si--N thin films that the amount of silicon accommodated in the host structure of fcc-CrN is different for CAE and UBM thin films. In the CAE Cr--Al--Si--N thin films, Si was found to be embedded partly in the fcc elementary cell of (Cr,Al,Si)N and to cause their rapid expansion. In the UBM Cr--Al--Si--N thin films, Si does not seem to go into the fcc structure at all. In the models of Mercs et al. [4] and Sandu et al. [12] , silicon in the magnetron sputtered Cr--Al--Si--N thin films is considered to be segregated at the crystallite boundaries in form of silicon nitrides. In order to confirm the segregation of silicon at the bound- aries of the (Cr,Al)N crystallites, the development of the crystallite and cluster size with the chemical composition of the thin films was investigated using a combination of GAXRD and HRTEM. By using GAXRD, these microstructure features were obtained from the broadening of X-ray diffraction lines as shown in Refs. [6, 14, 33, 34] . A typical dependence of the XRD line broadening on the length of the diffraction vector observed for partially coherent nanocrystallites in Cr--Al--Si--N thin films is displayed in Fig. 7 . As shown in Refs. [14 and 34] , the extrapolation of the q-dependent line broadening to q ¼ 0 reveals the mean size of clusters of partially coherent crystallites, the constant part of the line broadening at large q values the mean size of the crystallites. The crystallite and cluster sizes are summarised in Fig. 8 for all samples under study. For CAE thin film with the overall chemical composition Cr 0:30 Al 0:70 N, the cluster size and the crystallite size determined using GAXRD were verified by HRTEM. The transmission electron micrographs are shown in Fig. 9 for clusters and in Fig. 10 for nanocrystallites.
As already indicated by different XRD line broadening in Fig. 7 , UBM thin films consist of substantially smaller crystallites than CAE thin films. Moreover, in UBM thin films the crystallite size is nearly independent of the chemical composition, whereas the crystallites in CAE thin films are getting smaller with increasing Al and Si contents (Fig. 8a) . Despite the large standard deviations, also the clusters of partially coherent crystallites are substantially larger in CAE thin films than in UBM thin films (Fig. 8b) . The bright-field TEM micrograph from Fig. 9 illustrates how the clusters of partially coherent crystallites appear in diffraction contrast in TEM. The dotted circles mark the minimum and the maximum size of the clusters as obtained from XRD (Fig. 8b) . From the TEM micrograph shown in Fig. 9 , it is apparent that the clusters are fragmented into smaller objects with approximately the same contrast, which are interpreted as individual crystallites by XRD. The shape of the individual crystallites is illustrated by the HRTEM micrograph given in Fig. 10 , which also shows the comparison of the crystallite size obtained from XRD and HRTEM. Both, the crystallites and their clusters, appear smaller for (HR)TEM than for XRD, but we must concede that the statistics of the (HR)TEM data was insufficient to validate this conclusion.
Discussion
Our experimental results showed clearly that aluminium can be built-in into the host structure of fcc-CrN in both, the cathodic arc evaporated and unbalanced magnetron deposited Cr--Al--Si--N thin films. No segregation of aluminium from the fcc host structure was found until the overall chemical compositions Cr 0:46 Al 0:54 N (for CAE thin films) and Cr 0:44 Al 0:53 Si 0:04 N (for UBM thin films), which corresponds to 27 at.% Al solved in the fcc phase. The phase stability range of the CAE thin films was determined mainly with the aid of the dependence of the stress-free lattice parameter on the Al and Si contents, which is described by Eq. (15) Fig. 6 . For the UBM Cr--Al--Si--N thin films, an analogous dependence of the fcc stress-lattice parameter on the aluminium content was found that could be described by a Vegard-like dependence from Eq. (16) and plotted by the solid line connecting the triangles in Fig. 6 . For single-phase thin films, the Fig. 9 . TEM micrograph of an object in the CAE Cr 0:30 Al 0:70 N thin film, which is recognised by XRD as a cluster of partially coherent crystallites. The dotted circles label the minimum and the maximum size of these clusters that was obtained from analysis of the XRD line broadening (cf. Fig. 8b) . measured stress-free lattice parameters obey the respective Vegard-like dependence. The stress-free lattice parameters measured in the thin film nanocomposites, which contain more than one phase, leave the Vegard-like dependence. From the stress-free lattice parameters of the dual-phase nanocomposites, e.g., CAE Cr 0:30 Al 0:70 N, the maximum Al content in the fcc phase can be estimated. It was approximately 29 at%, which corresponds to the overall chemical composition of the fcc phase of Cr 0:415ð5Þ Al 0:585ð5Þ N.
On the contrary, the incorporation of silicon into the fcc crystal structure could only be confirmed for the CAE Cr--Al--Si--N thin films. The stress-free lattice parameter of the UBM Cr--Al--Si--N thin films changed with the chromium content in the same manner like the stress-free lattice parameter of the Si-free CAE Cr--Al--N thin films, which evidenced the segregation of Si outside the fcc crystallites. Another evidence for the exclusion of Si from fcc-(Cr,Al)N in the UBM Cr--Al--Si--N thin films was the small crystallite and cluster size in these thin films (Fig. 8) , which confirmed the microstructure models of Mercs et al. [4] and Sandu et al. [12] claiming that the Si is present at the crystallite boundaries and forms silicon nitrides. The silicon nitrides segregated at the crystallite boundaries in the UBM Cr--Al--Si--N thin films reduced primarily the size of fcc crystallites, as these two phases are not mutually coherent for XRD. In addition, the segregation of silicon nitrides reduces the cluster size, because it does not support transfer of the preferred orientation between adjacent fcc nanocrystallites, which is needed for formation of larger clusters of partially coherent crystallites [13, 14, 34] . In the CAE Cr--Al--Si--N thin films, a similar reduction of the crystallite size was only achieved at a high amount of Si that could not be accommodated in the host structure of fcc-CrN and segregated at the boundaries of the fcc crystallites as well.
Furthermore, the XRD experiments revealed a large expansion of the fcc elementary cell in the UBM Cr--Al--Si--N thin films as compared to the CAE Cr--Al--Si--N thin films, which was accompanied by the inversion of the crystal anisotropy of elastic constants. The ab initio calculations have shown that these phenomena can be explained by different amount of magnetic ordering in pseudo-cubic (Cr,Al)N in the Cr--Al--Si--N thin films deposited using CAE and UBM. The ab initio calculations revealed that the antiferromagnetic ordering enlarges the lattice parameter of the pseudo-cubic elementary cell of (Cr,Al)N and inverts the elastic anisotropy of the elastic constants from A < 1 for the non-magnetic structure to A > 1 for the antiferromagnetic structure as observed in the XRD experiments. Increasing Al content was found to reduce the anisotropy of the elastic constants both for CAE and UBM thin films. The effect of Si content on the elastic anisotropy of fcc-(Cr,Al,Si)N was rather weak, as it can be seen from the negligible difference of the anisotropy factors calculated for the CAE Cr--Al--N and Cr--Al--Si--N thin films (Fig. 4) . However, the maximum Si content in the fcc phase of the CAE Cr--Al--Si--N thin films was low. It did not exceed 2.5 at.%, as it was concluded from the chemical composition of the singlephase CAE Cr 0:52 Al 0:43 Si 0:05 N thin film (cf. Fig. 6 ).
As the magnetic ordering is very sensitive to the presence of point defects, one can expect that it will be strongly disturbed in the CAE Cr--Al--Si--N thin films. The CAE thin films possess a high density of point defects, which arise during their growth as a consequence of a high degree of ionisation and a high impact of the deposited species. The comparison of the structure properties of the Cr--Al--Si--N thin films deposited using CAE, UBM and HIPIMS confirmed that the impact of the deposited species is controlled mainly by their ionisation, which steadily increases from the unbalanced magnetron deposition over the high power impulse magnetron sputtering up to the cathodic arc evaporation.
The decrease of the lattice parameter of pseudo-cubic Cr 1Àx Al x N with increasing Al content observed experimentally was explained by the ab initio calculations to be caused by the replacement of chromium by aluminium at the octahedral positions in fcc-CrN. The steep increase of the lattice parameter of fcc-Cr 1ÀxÀy Al x Si y N with increasing Si content indicated that Si occupies other positions in the host structure than the octahedral ones. In this context, it should be pointed out that silicon could only be incorporated in the host structure of fcc-CrN in the CAE Cr--Al--Si--N thin films, which inherently contain a lot of point defects. On the contrary, no Si was embedded in the host structure of fcc-CrN in the UBM Cr--Al--Si--N thin films, which contained a low amount of point defects, as it was concluded from the magnetic ordering.
Conclusions
Detailed microstructure analysis of Cr--Al--Si--N thin films has shown that up to 29 at% Al can be built-in into the elementary cell of fcc-CrN. The maximum Al content was almost independent of the deposition method, i.e. cathodic arc evaporation, unbalanced magnetron sputtering and high power impulse magnetron sputtering. In fcc-(Cr,Al)N, aluminium replaces chromium in the host structure that leads to a reduction of the size of the elementary cell. The incorporation of silicon into the host structure of fcc-CrN was only observed for the cathodic arc evaporated Cr--Al--Si--N thin films, which were exposed to a high ion bombardment during deposition. Silicon located in the host structure of fcc-CrN expanded the elementary cell immensely. Thus, it was concluded that Si does not replace Cr but occupies interstitial positions. Moreover, a good correlation between a high concentration of point defects and the incorporation of Si into the host structure of CrN implied interplay of these phenomena. The formation of fcc-(Cr,Si)N and/or fcc-(Cr,Al,Si)N is believed to be facilitated trough the point defects present in the host structure of fcc-CrN. In thin films deposited using unbalanced magnetron, silicon was located at the crystallite boundaries and significantly contributed to the reduction of the crystallite size. Its segregation protected the growth of larger (Cr,Al)N crystallites.
The ab initio calculations confirmed that antiferromagnetically ordered (Cr,Al)N is orthorhombic. However, because of the small difference between the orthorhombic lattice parameters ða ffiffi ffi 2 p % b % c ffiffi ffi 2 p Þ and a very small size of crystallites in the thin films under study, magnetic (Cr,Al)N appeared as pseudo-cubic for X-ray diffraction. Still, the antiferromagnetic ordering could be detected from the expansion of the elementary cell and from the inversion of the anisotropy of the elastic constants of the pseudo-cubic phase. Due to the antiferromagnetic coupling between the (111) planes in the pseudo-cubic crystal structure, the h111i direction, which is the weakest one in the non-magnetic structure, becomes stiff when the structure becomes antiferromagnetic. Combination of the microstructure analysis and the ab initio calculations revealed a high sensitivity of the magnetic ordering in (Cr,Al)N at the room temperature on the density of the point defects.
In the CAE Cr--Al--N and Cr--Al--Si--N thin films, the magnetic ordering at the room temperature was strongly disturbed due to the high density of point defects and due to the presence of Si on interstitial positions in fcc-(Cr,Al,Si)N.
